INTRODUCTION
Protein 4.2 (pallidin) is a major protein of the red cell membrane. 1, 2 It is myristoylated at the N-terminal glycine residue 3 and is also palmitoylated. 4 The protein 4.2 gene, EPB42, encompasses about 20 kb and contains 13 exons. 5 The existence of the Rh protein complex (Rh-associated glycoprotein, Rh polypeptides, Glycophorin B (GPB), CD47, LW) in red cell membranes was suggested by the absence or deficiency of these proteins in human red cells with the Rh null phenotype (reviewed in reference 12 ). The Rh-associated glycoprotein (RhAG, 45-75 kDa) is sequence-related to the Rh polypeptides (Rh, 30 kDa), but is N-glycosylated. 13, 14 only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From CD47 (47-52 kDa, also referred to as integrin-associated protein, IAP), [15] [16] [17] is a multispanning membrane protein with broad tissue distribution (reviewed by Brown & Frazier 18 ) which is much reduced in Rh null red cells. 19 CD47 associates with integrins in many cell types, where it has a role in cell signaling and activation. However, CD47 does not act by the same mechanism in mature red cells, since red cells lack integrins. There is evidence that CD47 may also have integrin-independent functions in lymphocytes. 20 Thrombospondin 1 is a major extracellular soluble ligand for CD47 and thrombospondin increases the adhesiveness of sickle red cells under shear stress conditions by a large G protein-and tyrosine kinasemediated mechanism. 21 CD47 null mouse red cells have a normal phenotype 22 and contain normal amounts of murine RhAG and Rh polypeptides. 23 Recent work indicates that CD47 also acts as a marker of self on murine red cells since CD47 null mouse red cells are rapidly cleared from the circulation in normal mice by splenic red pulp macrophages, while CD47 on normal mouse red cells prevents this clearance by interacting with the inhibitory signal regulatory protein (SIRP ) on macrophages. 24 Individuals with Rh null syndrome have hemolytic anemia, stomatocytosis and spherocytosis 12 ,
indicating the presence of a cytoskeleton-associated defect in the red cells. Biochemical evidence for an interaction of the Rh proteins with the red cell cytoskeleton 25, 26 is consistent with this view, which is further supported by recent micropipette aspiration studies. 27, 28 However the site(s) of linkage between the cytoskeleton and the Rh complex have not been established.
In this paper we describe a study of the red cells of a patient with protein 4. 
MATERIALS AND METHODS

Case History
A 20 year old male whose family originated from South Asia (Pakistan) was referred for investigation of lifelong hemolytic anemia. Jaundice accompanied by anemia and splenomegaly had been apparent since early life. Fluctuation of icterus, being more marked during infections or after fasting and less pronounced following exposure to sunlight, was conspicuous. On investigation he was found to be anemic (Hb 11.8 g/dL, MCV 85. 5 30 The appearance of the gall bladder and biliary tract was normal on ultrasonography. Of the parents, who are consanguineous, the mother exhibited no hematological abnormality. The father was not available for study.
Red cell membrane protein analysis
Preparation of red cell membranes, peptide N-glycosidase F (PNGase F) treatment, SDS-PAGE, Coomassie blue staining and Western blotting of membrane proteins were carried out as previously described. 31, 32 Quantitation of proteins was done by scanning densitometry.
Monoclonal antibodies are listed in Tables 2 and 3 and were used as previously described. 33, 34 Rabbit polyclonal anti-Rh 35 , anti -p55 and anti-4.1 36 were used. Rabbit anti-CD47 was raised against the synthetic peptide ASNQKTIQPPRNN (with an additional N-terminal cysteine for coupling) which represents the C-terminal sequence. Polyclonal antibodies against protein 4.2 were used as before. 37 For flow cytometric measurement, red cells were fixed with dimethyl suberimidate (Sigma) 38 prior to incubation with appropriate monoclonal antibody, followed by FITC-conjugated anti-mouse (Fab') 2 antibody and analysed in a gated red cell region on FL-1 of the Coulter EPICS-XL counter.
Analysis of Genomic DNA
Genomic DNA was isolated from blood samples by using Isocode Stix (Schleicher and Schull, Dassel, Germany) or buffy coats. The coding regions, exons 2-20 of band 3 and 1-11 of CD47, were analysed for SSCPs using exon specific primers to band 3 39 GGGCCTGGATTCCTTCTGA.
Analysis of Reticulocyte cDNA
Preparation of reticulocyte mRNA from the proband, mother and normal control was carried out as described. 40 First strand cDNA was prepared using the RETROscript kit (Ambion, Texas). The entire coding regions of protein 4.2, band 3 and CD47 cDNA were sequenced, in both directions, either manually as described previously 32 or automatically (as above)
following RT-PCR from the mRNA. The deletion in the protein 4.2 cDNA was found through sequencing the RT-PCR product obtained using the forward and reverse primers GGATGCCCAGATCTCAGTGA and TGTAGCTCCTCTCTCTGTGA respectively.
Quantitative RT-PCR
Quantitative (real-time) RT-PCR analysis was carried out using the SYBR Green kit and an ABI Prism 7700 Sequence Detector (Applied Biosystems, Warrington, U.K.). First strand cDNA, (2.5% of a preparation from 4µg total RNA) was used in a 40 cycle two-step PCR.
PCR cycle parameters were 50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 seconds and 58°C for 1 min. The forward and reverse primers for the band 3 amplicon were ACGCTTCCTCTTTGTGTTGCT and TGTAGGCATCTATGCGGAACA respectively and for the protein 4.2 amplicon were TGACTGCATCCAGGCAGAGT and TCCACTTCTCTACCTGCTTGT respectively. The number of target copies of each gene was interpolated from its detection threshold (C T ) value using a control cDNA standard curve included on each plate. Each transcript was assayed 3 times and the median C T values used for analysis.
Cation transport studies
Intracellular Na + and K + contents of red cells were measured within 1 hr of taking the blood, which was kept at 20°C. K + influx was measured 41 
RESULTS
Protein 4.2 and the band 3 complex in the proband red cells
SDS-PAGE and Western blotting of the red cell membrane proteins of the proband showed that protein 4.2 was completely missing but the membranes contained normal amounts of band 3 and GPA, two other members of the band 3 complex (Table 2; Figure 1 ). The trailing edge of the band 3 in the proband and mother migrated slightly more slowly than in the controls, suggesting it may be more highly glycosylated. Flow cytometric analysis of the red cells of the proband and mother (Table 3) showed normal binding of anti-band 3 antibody (BRIC 6) and anti-GPA antibody (R10). Unexpectedly, the mother gave only the normal 686 nucleotide band (Figure 3 ). Sequence analysis of this region of protein 4.2 cDNA from the mother was normal, indicating that the mother had at least one normal protein 4.2 allele. Quantitative RT-PCR analysis of reticulocyte RNA showed that the level of mutant protein 4.2 mRNA in the proband and the mother was 11% and 62% respectively, relative to the normal control. However, the amount of band 3 mRNA in the proband and the mother was found to be 991% and 239% respectively of the control, reflecting the hemolytic anemia and reticulocytosis in the proband. When the amount of mutant protein 4.2 mRNA was normalised to the amount of band 3 mRNA, the mutant protein 4.2 mRNA in the proband was calculated to be at a level of only 1.1 % of the control, demonstrating that the deletion induced instability in the mutant protein 4.2 mRNA.
Consistent with this conclusion, the total amount of protein 4.2 mRNA (normal plus mutant) was also substantially reduced in the mother. The instability the mutant mRNA accounts for our inability to detect the PCR product corresponding to it in the mother's cDNA.
org From
In order to ascertain the underlying cause of the protein 4.2 Hammersmith cDNA deletion we sequenced the genomic DNA from the proband and the mother using exon 11 specific primers (see Methods). We found that the proband was homozygous, and the mother heterozygous, for a G1747T substitution (cDNA numbering according to Reference 2 ; Figure 4 ). This mutation activates a cryptic acceptor splice site within exon 11 which leads to the deletion product ( Figure 4) . The PCR experiment in Figure 3 showed that only the mRNA containing the deletion, resulting from abnormal splicing, was detected in the proband. We were unable to amplify any normally spliced mRNA product containing the G1747T substitution. If any of the mutant mRNA was correctly spliced the G1747T substitution would introduce a different premature stop codon (GAG TAG, Glu 583 Stop) ( Figure 2b ) and we assume that this transcript is so unstable that it is not detected in the PCR reaction.
Normal protein 4.2
Exon 10 Intron 10 Exon 11 GCCAACCTGGgt-------------agAAAAGATAATAACCATCGGCCT
GTTCTTCTCCAATTTTGAGCGAAACCCACCCGAGAACACCTTCCTTAGA
Wild type position 1747 (G)
Mis-spliced protein 4.2 Hammersmith
Exon 10
Intron 10 GCCAACCTGGgt-------------agaaaagataataaccatcggcct Protein analysis by immunoblotting of the red cell membranes of the proband and mother showed that the RhAG and Rh polypeptides were present in normal amounts (Table 2; Figure   1 ). However, RhAG in the membranes of both the proband and mother migrated slightly slower than normal on SDS-PAGE, and this slower migration was much more pronounced at the trailing edges of the RhAG bands (Figure 1 ). The RhAG bands of both proband and mother showed normal mobility after treatment with PNGase F, showing that the reduced mobility was due to an increase in size of the RhAG N-glycan in the proband and mother's red cells (data not shown).
Immunoblotting also showed that the proband and mother had increased levels of LW antigens in comparison with the random red cell samples used as controls (Table 2, Figure 1 ).
The total amount of glycophorin B (GPB) was also reduced in the proband's red cells and this was reflected in the reduced dimer/monomer ratio in these cells (Table 2) . Flow cytometric analysis with two different monoclonal anti-CD47 antibodies showed very much reduced reactivity with the proband's red cells and a less marked reduction in reactivity with the mother's red cells (Table 3 ). The proband's red cells also showed a reduction in 
Protein p55 and the glycophorin C complex
Kuchay et al 9 recently reported that an association exists between protein p55 and the Cterminal region of protein 4.2. We therefore investigated protein p55, glycophorin C (GPC) and protein 4.1, which are all part of the GPC complex 42 , by Western blotting of the mutant red cells. These three proteins were present at normal levels in the proband's red cells (Table   2 ).
Cation transport studies
Since protein 4.2 null mouse red cells show altered cation content and cation fluxes 11 , we measured the cation content and potassium fluxes in the freshly drawn red cells of the proband and mother. Table 4 shows that these were all in the normal range, and in particular did not show the large changes in bumetanide-sensitive Na 46 In contrast the human protein 4.2 null red cells examined in this study have normal band 3, cation content,
-co-transport activity and K + leak permeability. They show no cation leak even below 37°C. Murine red cells differ from primate in terms of Na/K transport, in that they have more active KCl cotransport. 48 In man, protein 4.2 mutations seem unlikely to be a cause of leaky red cell conditions of the hereditary stomatocytosis class. 49 The The reciprocal effects of primary changes in different components of the Rh complex emphasise the intimate structural and biosynthetic relationships between them. Our immunoblotting studies indicate that the proband and mother both had more LW antigens than the random controls used. However, this increase is unlikely to be significant, since both the proband and mother are Rh D +ve, and the abundance of red cell LW antigens is dependent on the Rh D type (4,400 copies in D red cells but 2800 copies in d cells 50 ).
Our evidence suggests that protein 4.2 associates with both the band 3 protein complex and the Rh complex, and comparison of the stoichiometry of these complexes in red cell membranes is of interest. Protein 4.2 is thought to be part of the band 3-cytoskeleton linkage 51, 52 , and associates with both band 3 and ankyrin. 53 Al though more than 10 6 copies of Rh antigens at the surface of K562 erythroleukemic cells. 33, 34 The relatively minor effect of the absence of protein 4.2 on RhAG and the Rh polypeptides, in contrast to its major effect on CD47, is also consistent with alternative interacting sites for RhAG/Rh. It is well known that GPA and GPB, associated with the band 3 and Rh complexes respectively, form heterodimers on SDS-PAGE of erythrocyte membranes. Although it is not proven that these glycophorins also heterodimerize in the intact red cell membrane, interactions between these two proteins form an additional potential contribution to associations between the two protein complexes.
From these observations we draw the tentative conclusion that in the membrane the Rh complexes are associated with the subset of band 3 complexes that are tetrameric and associated with ankyrin and the cytoskeleton, and these all form a macrocomplex (shown schematically in Figure 5 .) The interaction between the two complexes is maintained by 
